We have investigated the detection, confirmation, and metabolism of the beta-adrenergic agonist ractopamine administered as Paylean to the horse. A Testing Components Corporation enzymelinked imunosorbent assay (ELISA) kit for ractopamine displayed linear response between 1.0 and 100 ng/mt with an 1-50 of 10 ng/mL and an effective screening limit of detection of 50 ng/mL. The kit was readily able to detect ractopamine equivalents in unhydrolyzed urine up to 24 h following a 300-rag oral dose. Gas chromatography-mass spectrometry (GC-MS) confirmation comprised glucuronidase treatment, solid-phase extraction, and trimethylsilyl derivatization, with selected-ion monitoring of ractopamine-tris(trimethylsilane) (TMS) m/z 267, 250, 179, and 502 ions. Quantitation was elaborated in comparison to a 445 M w isoxsuprine-bis(TMS) internal standard monitored simultaneously. The instrumental limit of detection, defined as that number of ng on column for which signal-to-noise ratios for one or more diagnostic ions fell below a value of three, was 0.1 ng, corresponding to roughly 5 ng/mL in matrix. Based on the quantitation ions for ractopamine standards extracted from urine, standard curves showed a linear response for ractopamine concentrations between 10 and 100 ng/mL with a correlation coefficient r > 0.99, whereas standards in the concentration range of 10-1000 ng/mL were fit to a second-order regression curve with r > 0.99. The lower limit of detection for ractopamine in urine, defined as the lowest concentration at which the identity of ractopamine could be confirmed by comparison of diagnostic MS ion ratios, ranged between 25 and 50 ng/mL. Urine concentration of parent ractopamine 24 h post-dose was measured at 360 ng/mL by GC-MS after oral administration of 300 rag. Urinary metabolltes were identified by electrospray ionization (+) tandem quadrupole spectrum related to the previous one. Sulfate and mixed methylsulfate conjugates were revealed following glucuronidase treatment, suggesting that sulfation occurs in combination with glucuronidation. We noted a paired chromatographic peak phenomenon of apparent ractopamine metabolites appearing as doublets of equivalent intensity with nearly identical mass spectra on GC-MS and concluded that this phenomenon is consistent with Paylean being a mixture of RR, RS, SR, and SS diastereomers of ractopamine. The results suggest that EtlSA-based screening followed by glucuronide hydrolysis, parent drug recovery, and TMS derivatization provide an effective pathway for detection and GC-MS confirmation of ractopamine in equine urine.
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m/z 267, 250, 179, and 502 ions. Quantitation was elaborated in comparison to a 445 M w isoxsuprine-bis(TMS) internal standard monitored simultaneously. The instrumental limit of detection, defined as that number of ng on column for which signal-to-noise ratios for one or more diagnostic ions fell below a value of three, was 0.1 ng, corresponding to roughly 5 ng/mL in matrix. Based on the quantitation ions for ractopamine standards extracted from urine, standard curves showed a linear response for ractopamine concentrations between 10 and 100 ng/mL with a correlation coefficient r > 0.99, whereas standards in the concentration range of 10-1000 ng/mL were fit to a second-order regression curve with r > 0.99. The lower limit of detection for ractopamine in urine, defined as the lowest concentration at which the identity of ractopamine could be confirmed by comparison of diagnostic MS ion ratios, ranged between 25 and 50 ng/mL. Urine concentration of parent ractopamine 24 h post-dose was measured at 360 ng/mL by GC-MS after oral administration of 300 rag. Urinary metabolltes were identified by electrospray ionization (+) tandem quadrupole
Introduction
Ractopamine, No[2-(4-hydroxyphenyl)-2-hydroxyethyl]-1-methyl-3-(4-hydroxyphenyl)propylamine, is a ff-adrenergic agonist marketed under the trade name Paylean, which is approved for use in swine and other livestock as a growth regulator (1) . It has a [3-hydroxyphenethylamine structure common to many ~-adrenergic agonists ( Figure 1 ) and has the property of repartitioning (i.e., the capability of altering muscle lean-to-fat ratios), most likely through some combination of stimulation of lypolysis, stimulation of protein synthesis, or down-regulation of lipogenesis. This results in reduction of fat, increased muscle mass, and improved feed utilization efficiency in swine, cattle, and turkeys (2) . Ractopamine promotes protein deposition with little effect on fat deposition in the pig (3, 4) . Ractopamine introduced through the diet decreases basal plasma insulin concentrations but has no effect on plasma glucose or non-esterified fatty acids. Antilipolytic effects of insulin tend to be augmented, as well. Di-etary ractopamine has been shown to decrease lipolytic responses to fenoterol, evident after four dose treatments, and the hyperinsulinaemic response to fenoterol was also attenuated by feed supplemented with ractopamine. The desensitization of adipose tissue [~-adrenergic receptors is consistent with observations that dietary ractopamine has little effect on the rate of fat deposition in the growing pig (4) .
Ractopamine treatment results in a stimulation of myofibrillar protein synthesis and elevates absolute rates of protein synthesis and breakdown in biceps femoris muscle in the pig. The result is enhancement of protein accretion in skeletal muscle of pigs (5) . In rats, ractopamine increased methionine incorporation in cultured muscle cells (6) . Studies in rats indicate that of the four possible ractopamine stereoisomers (RR, RS, SR, and SS), the RR isomer is responsible for the majority of leanness-enhancing effects (7) .
Both conjugated and nonconjugated metabolites of ractopamine have been reported in various species. In cattle and sheep, for example, ractopamine residues in urine samples were measured before and after hydrolysis of conjugates. On the last day of extended administration (day 0), concentrations of parent ractopamine in sheep urine were ~10 ng/mL and were below the limit of quantitation (LOQ) (5 ng/mL) two days postadministration. After hydrolysis of conjugates, ractopamine concentrations were -5300 ng/mL on day 0 and -180 ng/mL on day 7 post-administration. A similar picture emerged on study of ractopamine concentrations in cattle urine. The data indicate that after the hydrolysis of conjugates, ractopamine should be detectable in urine of sheep as long as seven days after the last exposure to ractopamine and as long as five days after withdrawal in cattle (8) .
A oH Conjugate metabolite structures have been studied. In rat bile, for example, approximately 46% of biliary metabolites were identified as a sulfate-ester/glucuronic acid diconjugate of ractopamine. The site of sulfation was at the C-10' phenol (phenol attached to carbinol), and glucuronidation was at the C-10 phenol (phenol attached to methylpropylamine) of ractopamine (9) . Monoglucuronides conjugated to the phenols at C-10 (60%) or C-10' (13%) have also been found in turkey poults (10, 11) . Regioselective glucuronidation occurred favoring the C-10 phenol of ractopamine, with specificity for (1R,3R) and (1R,3S) stereoisomers (11) .
Enzyme immunoassay-based detection of ractopamine has been made possible through the availability of commercial enzyme-linked immunosorbent assay (ELISA) kits (12) (13) (14) (15) ; but in at least one case (RS, SR), glucuronides showed only 4% crossreactivity, whereas (RR, SS) diastereoisomer glucuronides conjugated at the same phenolic group showed no detectable reactivity with the antibody raised against a ractopaminehemiglutarate (keyhole limpet) hemocyanin conjugate (13) . Shelver and Smith (16) have nonetheless been able to demonstrate applicability of the monoclonai antibody-based ELISA for determination of ractopamine residues in sheep and cattle samples.
Ractopamine is an Association of Racing Commissioners, International (ARCI) Class 3 drug (17). It is not a recognized therapeutic medication in the racing horse, however, and it has a significant potential for abuse because it is likely to affect performance. Therefore, improper use of ractopamine needs to be monitored with reliable analytical methodology, as its discovery in performance horses may lead to sanctions against owners or trainers.
The purpose of this study is to determine the metabolism of ractopamine in the horse with the intention of elucidating the structure(s) of target metabolites for mass spectrometric (MS) confirmation of ractopamine administration. High-performance liquid chromatography (HPLC) methods with various detectors exist for ractopamine (8, 18) ; however, electrospray ionization (ESI)-MS is rapidly becoming more widespread with a proliferation of methodologies (19, 20) . In addition to MS analyses, we determined detectability by ELISA, commercial kits of which are widely available for screening purposes in racing chemistry laboratories.
Experimental

Materials and Methods
Three mature Thoroughbred mares (weighing 564, 542, and 550 kg) were acclimated to their stalls 24 h prior to experimentation. The animals were fed twice a day with grass hay and feed (12%), which was a 50:50 mixture of oats and an alfalfabased protein pellet. The animals were vaccinated annually for tetanus and were dewormed quarterly with ivermectin (MSD Agvet, Rahway, N J). A routine clinical examination was performed before each experiment to ensure that the animals were healthy and sound. During experimentation, horses were provided water and hay ad libitum. Each mare served as its own control. Animals used in these experiments were managed according to the rules and regulations of the Institutional Animal Care Use Committee at the University of Kentucky (Lexington, KY), which also approved the experimental protocol. Ractopamine was administered to horses, orally, in the form of the feed supplement Paylean (Elanco, Charlotte, NC). Doses were 300 mg ractopamine in 3 oz (85 g) Paylean for ELISA and GC-MS analysis and 900 mg in 9 oz (255 g) Paylean for detailed metabolism studies. Urine samples were collected immediately before and at 1, 2, 4, 6, 8, and 24 h after administration using a Harris flush tube (24 Fr diameter • 60-in. length; Seamless, Ocala, FL). Urine samples were divided into aliquots stored at 20C until assayed.
Sample collection and preparation
The ractopamine standard for MS analysis was obtained as a gift from the U.S. Department of Agriculture as ractopamine-HCI. Examination of this material by ESI(+)-MS-MS showed it to consist of ractopamine with no apparent contaminants. Preand post-administration urine samples were treated by solidphase extraction (SPE). The filtrate was then diluted 1:10 with a mixture of 50:50 acetonitrile/0.05% formic acid (aq) for positivemode MS [ESI(+)-MS--MS]. The mixture was infused 1.2 mIJh via a Harvard syringe pump equipped with a 500-1JL Hamilton gas-tight syringe. Infusion was direct into the electrospray probe of the Quattro II MS-MS (Micromass, Beverly, MA).
ELISA detection
Testing Components Corp. (TCC, Collinsville, IL) ractopamine ELISA kits were used to establish the detection limit for ractopamine in equine urine. The assay was performed as specified according to manufacturer's instructions and summarized as follows: a stock solution (1 mg/mL) of ractopamine was prepared in methanol. ELISA standards (0.1-1000 ng/mL) were prepared by dilution of stock with ELISA kit assay buffer. The ELISA kit consisted of microtiter plates, antibody #1, antibody #2 (goat anti-rabbit) concentrate, assay buffer (phosphate buffered saline, pH 7.4), wash solution 20• concentrate, and substrate. The assay was started by pipetting 50 IJL standard solutions (and/or samples) into the appropriate wells. Antibody #1 solution (100 IJL) was added to each well, followed by gentle mixing and incubation for 30 rain at 37~ The plate was then washed three times with diluted wash solution (300 IJL). Freshly diluted antibody #2 (150 IJL) was added to each well with gentle mixing. The plate was incubated 30 rain at 37~ The plate was again washed three times as described previously. Substrate (100 IJL) was added to each well, and the optical density was read at 650 nm with an ELX800 Microplate Reader (BioTek Instruments, Inc., Winooski, VT) 15 rain after initiating the incubation.
13-Glucuronidase hydrolysis
Urine samples were treated for 3 h at 65~ with Patella vulgata [3- glucuronidase (1000 units of Sigma Type L-II/mL urine diluted to 0.25M sodium acetate, pH 5). The resultant hydrolysates were subjected to SPE as described.
SPE and derivatization
SPE were run on a Speedisk 48 Pressure Processor (SPEware Corp., San Pedro, CA). SPE columns (United Chemical Tech-nologies, Bristol, PA, type CSDAU Clean-screen) were conditioned by adding sequentially 3 mL methanol, 3 mL water, and 1 mL 0.1M sodium phosphate buffer (pH 6.0). Samples were loaded and then the column washed sequentially with 2 mL water, 2 mL 1M acetic acid, and 4 mL methanol. The column was dried with N2 (20 psi nominal pressure) for 1 min. The column was then eluted with 3 mL dichloromethane/isopropanoUNH4OH (concentrated) (78:20:2, v/v) into glass tubes. The eluent was evaporated to dryness under a stream of N2 in a 35-40~ water bath. The residue was dissolved by vortex mixing in 15 IJL N~-dimethylformamide and 50 IJL N,O-bis-(trimethylsilyl)trifluoroacetamide (BSTFA)/1% trimethyl chlorosilane (TMCS) (Pierce Chemicals, Rockville, IL) and then immediately transferred to a micro-injection vial and sealed. Derivatization occurred upon dissolution and/or in the 250~ injector port; incubation at 70~ for 30 min prior to injection was found not to increase the yield of derivative. One microliter was injected into the GC-MS. In cases where ESI(+) MS analysis was the preferred method, resuspension of dried eluents took place directly in I mL acetonitrile/0.05% formic acid (1:1).
GC-MS selected ion monitoring (SIM) confirmation
Confirmation of ractopamine in urine following [3-glucuronidase hydrolysis, SPE extraction, and trimethylsilane (TMS) derivatization was accomplished by GC-MS SIM. The GC column was an HP-5 MS (30 m • 0.25 mm x 0.25-1Jm film thickness) operated in the splitless mode with 1 mL/min helium. The GC oven temperature was programmed as follows: 180~ for 2 min, then increased to 280~ at 20~ and held at 280~ for 10 min. Data were collected following a 1-1JL injection as follows. Isoxsuprine was chosen as an internal standard because of its similar structure and its uniform and predictable behavior during GC-MS analysis (21) 
MS-MS analysis
Full-scan ESI mass spectra were obtained on analytical standards at 10 IJg/mL in 50:50 acetonitrile/0.05% formic acid (aq) (pH ~4) by infusion at 1.2 mL/h via a Harvard syringe pump into the electrospray probe of a Micromass Quattro II MS-MS set in positive ion mode. All spectra were optimized by combination of 1-2 rain of uniformly acquired data, background sub-traction, and peak smoothing.
MS-MS tuning
The MS was tuned for positive ion spectra by direct infusion of 10 ng/pL ractopamine in 50:50 acetonitrile/0.05% formic acid (aq). The peak shape and intensity of the monoprotonated ractopamine m/z 302 ion were optimized by adjustment of capillary, high-voltage lens, cone voltage, skimmer lens, and radio frequency lens settings. Skimmer lens offset was left at 5 V. Collision gas (argon) and collision energy were adjusted for collisionally induced dissociation (CID) in the central hexapole by optimizing settings as needed for the second quadrupole. Generally, the collision gas was set to 1-3 x 10 -~ mbar. Increasing the photomultiplier setting 100-150 V above the regular 650 V sufficiently increased sensitivity. In general, for positive mode, the source cone voltage was set at 24 V, collision energy was -20 V, capillary of the ESI probe was +3.0 kV, skimmer at 2.1 V, and the HV lens was 0.54 kV. The source temperature was set at 120~
Results
Ractopamine by electrospray(+)-MS
Ractopamine (301 Mw) readily produced an M+H pseudomolecular ion at m/z 302 when dissolved in acetonitrile/0.05% formic acid and examined by ESI(+)-MS, as shown in Figure 2 (top). The daughter ion spectrum of this m/z 302 species gave intense responses, particularly at m/z 107, 121, 136, and 164 ( Figure 2 , bottom), and these peaks could be readily assigned in keeping with the structure of ractoparnine (see assignments in the figure legend). Urine collected at 4 h post-dose (900 rag) was subjected to ~-glucuronidase treatment. The daughter ion spectrum of the SPE rn/z 302 material is shown in Figure 3 and is an excellent match to that in Figure 2 (bottom). The Figure 2 daughter ion spectrum is also a match for that seen from a pronounced m/z 302 peak in the commercial formulation Paylean (data not shown), verifying that no prodrugs or unintended conjugates were present in the feed version of the drug.
Ractopamine metabolites by ESI(+)-MS
ESI(+)-mass spectrometry revealed metabolites of ractopamine in urine by comparison of glucuronidase-treated SPE extractions of pre-dose urine (0 h) and that obtained 4 h following a 900-rag dose of ractopamine. Figure 4 displays such a comparison, and new peaks relative to the control are evident at rn/z 302 (ractopamine) and 284 (instrument-induced dehydration of ractopamine, as seen also in Figure 2 , top), as well as 316, 382, 396, 415 (significant enhancement over background), 478, 492, and 528. Figure 5 shows an expansion of the m/z 410-570 region of the spectrum, emphasizing these latter species; comparison of the 4-h range with the same spectrum without enzyme treatment (unhydrolyzed) and with 0 h control reveals additional peaks at m/z 460, 497, and 500. Substantial reduction in peak height or loss of peaks on enzyme treatment thus suggests glucuronide and/or sulfate involvement for the rn/z 460, 478, 492,497, 500, and 528 species. again favoring substitution at the phenolic hydroxyls. Thus, we are given the choice of methylation at C-10/glucuronidation at C-10' (type A) or methylation at C-10'/glucuronidation at C-10 (type B). Although the peak assignments given in the figure legend are consistent with such structures, several (e.g., m/z 354 and 164) again favor the type A arrangement. A mixture of the two is nonetheless not ruled out.
Although there is a small trace of the rn/z 316 ion present in unhydrolyzed urine, its peak intensity increases roughly fourfold following hydrolysis. Because it also bears a +14 amu relationship (this time to ractopamine parent drug), it is an excellent candidate for a simple methylated species, the majority of which was released enzymatically from a mixed glucuronide/methylated metabolite. Daughter ion analysis for m/z 316 is presented in Figure 8 and indicates many peaks in common with a ractopamine parent drug, seen on comparison with Figure 2 ; such common peaks were also seen to varying extents with the glucuronides (Figures 6 and 7) . Peak assignments for the rn/z 316 metabolite are consistent with the possibility of a methylated species on either the C-10 (type A) or C-10' (type B) phenolic alcohols. However, there is no trend in assignments that specifically favors one type over another in this case.
The m/z 528 peak is likely related to an additional peak that was first considered to be a matrix ion that had merely increased dramatically in the 4-h urine sample, specifically m/z 415 ( Figure 4 ). Figure 9 shows that both the m/z 528 and 415 daughter ion spectra share significant ractopamine-related ions, m/z 302, 284, and 164. In addition, the m/z 528 spectrum includes m/z 415 as a daughter ion. If the peaks are related as they seem to be, then m/z 415 adds a net 113 ainu to [M+H] ractopamine at m/z 302, and 528 would then represent the execution of two such additions. Possible structure(s) for this previously unrecognized conjugation or complexation will be presented in the Discussion section. Figure 10 presents a parent ion scan for the ractopamine m/z 164 ion that comprises a NHCH(CH3)CH~CH~CbH4OH fragment. Without enzymatic hydrolysis (Figure 10, top) , the spectrum shows conjugates m/z 478 and 492 (trace), the 478 dehydrate at m/z 460, and small amounts of parent drug at m/z 302 and its 284 dehydrate. Parent ion scanning following beta-glucuronidase treatment (bottom) reveals these same peaks in considerably changed proportions and confirms the relationship to ractopamine of ions rn/z 284, 302, 460, 478, and 492, as well as the newly revealed peaks m/z 316, 415, and 528.
The remaining pair of ions originally discovered in 4-h postdose urine in Figure 4 (m/z 382 and 396) differ from one another again by +14 amu, implying that they differ by the effects of methylation. Figure 11 reveals that the daughter ion spectra for these ions have many fragmentation events, most of them in common. These spectra are so dissimilar to those of the other metabolites in Figures 3 and 6-9 that they were at first dismissed as coincidental background ions; however, diminished but nonetheless evident ions at m/z 107, 121, and 136 indicated a likelihood for relationship to the other metabolites. The straightforward relationship of their molecular weights to sulfate and rnethylated sulfate, respectively, suggests these as candidate structures, and likely assignments can be made to most of the ions, assuming phenolic sulfation only. One difficulty with these compounds is that they become evident only following [~-glucuronidase treatment, as listed in Table I . This implies that their original configuration was likely in combination with a glucuronide, in turn questioning the assignment of methylation at phenolic positions. Note that the benzylic hy- Figure 5 (middle); these metabolites apparently add an unidentified 113 ainu structure either once to make rrgz 415 or twice to make m/z 528.
droxyl group is another alternative for either methylation or perhaps glucuronidation in this case. There is in fact a common tendency to produce the m/z 364 ion in both Figure 11 spectra, with lower direct dehydration (to m/z 378) from the proposed methylated sulfate, possibly reflecting the effects of blocking the benzylic alcohol position. Figure 12 presents an examination of ractopamine 4-h postdose metabolites by GC-MS. The top figure shows the total ion chromatogram for derivatized SPE-extracted enzyme-hydrolyzed urine, whereas the middle panel shows a much more simplified pattern derived by performing ion chromatographic analysis of the data in the top panel focusing on ion m/z 267. This ion is derived from single internal cleavage of t~[TMS]ractopamine beyond the benzylic carbon to provide a TMS-OCcH4CH-O-TMS fragment, although formally three fragmentations (to release TMS and two O-TMS) provides another possible approach. Table II lists predicted molecular weights for ractopamine metabolites and their TMS derivatives, and this provided a guide to interpretation of the data. One discovery was that the principal peak at 9.6 rain retention time (RT) is a match to the standard ractopamine, released in this case by ~-glucuronidase treatment, and the basis for GC-MS confirmation as described. The highest Mw ion at m/z 502 then matches the demethylated tr/s[TMS]ractopamine listed in Table  II . The second discovery elicited by the Figure 11 ion chromatography is the occurrence of ractopamine-related metabolites as roughly equivalent area pairs of peaks. This emphasizes the diastereomeric nature of the parent drug, which itself gives the appearance of two nearly superimposed peaks at 9.54 and 9.57 min RT. 
Ractopamine metabolites by GC-MS
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ELISA results
A horse was dosed with 300 mg ractopamine orally, and urine samples were collected pre-and post-administration. These urine samples were analyzed by ELISA along with a set of ractopamine standards as described in the Materials and Methods section.
The resultant standard curve for ractopamine in assay buffer (Figure 13, right) was sigmoidai with a substantial linear portion typical of ELISA assays. The linear portion of this curve (1, 5, 10, 50 , and 100 ng/mL) had an 1-50 of approximately 10 ng/mL and an r value of 0.9811. This five-point standard curve was used to estimate the concentration of apparent ractopamine in the dosed horse urine samples (pre-and post-administration) and a panel of five undosed horse urine samples. All urine samples were diluted 1:4 with assay buffer prior to assay. The mean concentration of the blank urine samples (n = 6) was 13.4 ng/mL • 3.6 standard error of the mean. The dosed horse urine samples were diluted and analyzed by ELISA without enzyme hydrolysis. An estimate of the apparent ractopamine concentrations in these samples is shown in Figure 13 (left). The sigmoidal standard curve for ractopamine over a five-log scale is shown in Figure 13 (right). The 1-50 of ractopamine in buffer for the TCC kit was approximately 10 ng/mL. Indication of a sample as suspected drug containing is usually (i.e., when the maximum o.d. is approximately 1.0) based on approximately 20% inhibition in ELISA work, which for ractopamine in buffer was achieved at about 50 ng/mL on examination of the standard curve. This value may 10.00 11.00 12.00 13.00 14.00 Time (rain) Figure 14 . Ractopamine quantitative analysis by GC-MS SIM method. An 8-h post 300-mg oral dose 2-mL urine sample was subjected to glucuronidase hydrolysis, SPE, and derivatization, followed by GC-MS using SIM for selected ions as listed in the Materials and Methods subsection (internal standard not shown). Quantitation following dilution enabled measurement of the recovered ractopamine as 5700 ng/mL. Ractopamine at 9.5' (where' = minutes retention time) was followed by four pairs of ractopamine-related peaks identified as having roughly equivalent area m/z 267 and 179 peaks (10.5' and 10.7') or by m/z 267, substantially exceeding m/z 179 area (11.7', 11.9', 12.6;, 12.8', 13.9', and 14.0'), with none of these latter peaks displaying nested m/z 250 or 502 peaks as does the 9.5' peak. The insert figure shows a typical standard curve for ractopamine-tris(TMS) based on isoxsuprine internal standard.
Ractopamine-tris(TMS)
therefore be considered the effective screening limit of detection (LOD) for ELISA. As discussed, the GC-MS LOD for ractopamine in urine was found to be between 25 and 50 ng/mL. Therefore, the GC-MS method reported here should be capable of confirming ractopamine positives detected by ELISA screening.
GC-MS confirmatory method for ractopamine in urine
As described in Figure 12 , the trb(TMS)-ractopamine derivative elutes at 9.51 rain in GC-MS, and the internal standard isoxsuprine-bb(TMS) (not shown) elutes at 7.61 min. Of the three major ractopamine ions suitable for quantitative SIM, the rn/z 267 ion was found to be free of interference from urinary matrix components at the retention time of ractopamine. A method was thus elaborated that utilized the rn/z 267 ion for quantitation, ions m/z 250 and 179 for verification, and the rnlz 178 ion of isoxsuprine-bb(TMS) as the internal standard quantitation ion. Figure 14 illustrates the application of the confirmatory method to an 8-h post-dose urine sample. The peak of chromatographically merged ractopamine diastereomers at 9.5 rain displays nested ion chmmatograms at m/z 267 > 250 > 179 > 502. The insert figure shows linearity of the standards between 10 and 500 ng/mL with its corresponding equation and an acceptable R 2 = 0.9992. Paired diastereomeric metabolite peaks seen in Figure 12 (middle) generally display ions m/z 267 and 179 of the ractopamine SIM series and are distinguished as having nearly equivalent m/z 267 and 179 peak areas, or rn/z 267 > 179 as indicated. Figure 15 follows the time course of ractopamine urinary excretion for a selected horse. If the m/z 267 ion is assumed to reflect individual metabolite peaks with equal representation to that from ractopamine, then metabolite concentrations can be readily estimated by comparison to the ractopamine standard curve. These are shown in Figure 15 as well, illustrating their appearance with slightly different time points for peak concentration (e.g., the 12.6-12.8-rain component peaks at 6 h vs. ractopamine at 8 h). The 10.5-10.6-rain component seems to mirror the ractopamine peak, supporting its assignment as a ractopamine-tetrakis(TMS) derivative (Table III) . Application of the resultant method enabled identification of ractopamine in enzyme-hydrolyzed equine urine at a concentration of 360 ng/mL 24 h after oral administration of 300 mg of the drug, confirming the appreciable amounts seen by ELISA ( Figure  13 ). Though ractopamine may be detected at relatively low concentrations using the 267 m/z ion, confirmation based on the relative abundances of ions m/z 250 and 179 limited the capability to confirm its identity to concentrations at approximately 25-50 ng/mL in samples analyzed to date. This is the result of ion m/z 267 being free of matrix interference, whereas the diagnostic ions had trace concentration coeluting peaks that varied in concentration with the specific matrix being analyzed. The confirmation limit for ractopamine in urine is thus sufficient for regulatory purposes because it matches that of the ELISA screening test. It is possible that other laboratories attempting to adapt our methods may have significantly lower limits of GC-MS confirmation.
Standard curves based on the m/z 267 ion showed a linear response for ractopamine concentrations between 10 and 100 ng/mL with a correlation coefficient r > 0.99, whereas standards in the concentration range of 10-1000 ng/mL were fit to a second-order regression curve with r > 0.99 (determined with Microsoft Excel 97). Extraction efficiency for the SPE method ranged between 40 and 50%. To determine the instrument lower LOD, signal-to-noise ratios (S/N) were calculated for decreasing amounts of ractopamine-tris(TMS) until S/N for the ractopamine quantitative and qualifier ions fell below 3 at 100 pg on-column. The lower LOD for ractopamine in urine, defined as the lowest concentration at which the identity of ractopamine could be confirmed by comparison of diagnostic ion ratios, was 25-50 ng/mL. Criteria for confirmation were those proposed by the Association of Racing Chemists in their Minimum Criteria for Identification by Chromatography and Nass Spectrometry (2001) . Accuracy and precision were determined by examining runs performed on four different days at concentrations of 50 and 500 ng/mL. Means and coefficients of variation, respectively, were 44.9 ng/mL • 15.3% and 507.2 ng/mL • 9.1%.
In order to assess the specificity of the GC-MS SIM method, six unextracted compounds were analyzed at the equivalent of 250 ng/mL with and without ractopamine at the same concentration. Dobutamine, fenoterol, nylidrin, and ritodrine were chosen due to their similarity in structure (Figure 1 
Discussion
As recognized by the Association of Racing Commissioners, International, ractopamine may have the ability to significantly affect race horse performance, both via its beta-adrenergic agonist properties and its anabolic activities. Therefore, it is of importance to assess screening methodologies such as ELISA tests, as well as the equine metabolism of this drug to provide target structures for mass spectrometric confirmation of its presence in urine samples. ELISA testing with a TCC ractopamine kit provided adequate iinearity and sensitivity, and Figure 13 demonstrates the ability of this test to follow the time course of excretion following a single 300-mg oral dose. This dose at less than 1 mg/kg is minimal when compared to that given to pigs (~20 mg/kg) (4). Future ELISA experiments should perhaps be designed to assess the effects of glucuronidase treatment on detectability, given the differential sensitivity of ELISA tests for certain glucuronide stereoisomers (13) . GC-MS SIM confirmation was also adequate for quantitation of ractopamine following glucuronidase release of conjugates up to 24 h post-dose and matched the profile of urine excretion provided by ELISA (data not shown).
Equine ractopamine metabolism consisted predominantly of the formation of phase II metabolites in keeping with other species, including turkey (10) where the C-10 glucuronide is divided roughly equally between bile and urine; rat (9) where a C-10'-sulfate/C-10-glucuronide bis-conjugate was identified in bile; and cattle, sheep, and ducks (2, 8) , wherein urine hydrolyzable conjugates have been indirectly described. The general scheme of ractopamine metabolism in the horse is summarized in Figure 16 and presents the simplest interpretations of the data currently available. The figure only considers the nonstereochemical image of ractopamine parent structure, as the absolute placement and three-dimensional configuration of glucuronides, methyl groups, and sulfates cannot be finalized without further detailed investigation. The scheme also demonstrates how the diverse metabolites signified by M+H values m/z 316, 382, 396, 415, 429, 478, 492, and 528 can be related to the parent m/z 302 M+H, while also accounting for the apparently instrument-derived dehydration products at m/z 284 and 460. Other ESI(+) peaks that initially seemed related but for which no support could be obtained included m/z 497 and 500 (data not shown). In brief, metabolism of ractopamine is diverse with glucuronidation, sulfation, and methylation routes available to it. We speculate that, despite this observed diversity, there is no particular bias of metabolism type towards any stereochemical configuration, owing to the equivalent peak areas revealed by GC-MS analysis of metabolites arising from the pharmaceutical RR, SS, RS, and SR mixed diastereomeric composition (Figures 12 and 14 , Table III) . One unusual aspect of the equine metabolism of ractopamine involved the apparent addition of 113 amu in one or two steps via an unknown mechanism, presumably involving the two phenolic hydroxyl groups. The involvement of the phenols may be supported by similar observations made recently with the structurally related drug isoxsuprine, which has a single phenolic group and appears to add only one 113 ainu group according to observations made of urine extracts (Lehner and Bosken, unpublished observations). Review of known generic mechanisms for Phase II conjugation reactions to various functional groups (22) currently include methylation (+14 ainu), acetylation (+42 amu), sulfation (+80 amu), succinylation (+101 amu), mercapturic acid formation (+162 ainu), and glucuronidation (+ 176 ainu). A review of Merck Index (23) entries in the 112-114 and 130-132 (assuming loss of water) Mw ranges reveals only leucine and isoleucine (Mw 131) as possible conjugating species. Amino acid conjugation generally occurs with amide formation at a drug aromatic carboxylic acid, with glycine (Mw 75) for example, adding a net 57 ainu, and conjugation with peptides is a known detoxification mechanisms for exogenous substances in higher plants, for example with phenols in pea seedlings (24) . If one assumes that 113 arnu conjugation is not an artifact of [3-glucuronidase treatment, then one might posit amino acid esterification with leucine or isoleucine as possibilities. This would be unusual not only in that it requires ester formation but offers the difficulty that such conjugates should be subject to blood-borne esterases unless they are unusually stable or formed directly in the kidneys during excretion. The rate of deconjugation of bile acid amidates by cholylglycine hydrolase is dependent on the structure of the amino acid side chain, for example (25) .
An alternative would involve noncovalent complexation of ractopamine or methylated ractopamine with the common urine compound creatinine. When the scans in Figure 4 are expanded to include the m/z 100-280 region, we observed significant m/z 114, corresponding presumably to creatinine (Mw 113) plus a proton. This explanation then requires the presumed metabolites at m/z 415 and 528 to be [[ractopamine 9 creatinine] +H]+I and [[ractopamine 9 creatinin%] +H]+I complexes, respectively. Stacking of the creatinine imidazole ring with the ractopamine phenyl ring may be possible with hydrogen bonding between creatinine's exocyclic amine and the ractopamine phenol group. Drug complexes in biological matrices have been noted (26) , and this would be the antithesis of
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Journal of Analytical Toxicology, Vol. 28, May/June 2004 drug-release complexes in pharmaceuticals (27) . The only difficulties with this scenario are whether such complexes occur naturally in the urine and that no part of the daughter ion spectrum of the presumed complexes bears any resemblance to the rn/z 114 daughter ion spectrum (data not shown). More work is required, and deuterium exchange incubations with isoxsuprine complexes (28) may eventually provide additional answers.
